OBJECTIVE: To assess the effect of naturally occurring carotenoids on brown adipocyte proliferation and differentiation. The rationale behind is that certain carotenoids have provitamin A activity in mammals, and that one of the active forms of vitamin A, (retinoic acid) is known to behave as a transcriptional activator of the key gene for brown fat thermogenesis, the one encoding the uncoupling protein thermogenin (UCP1). DESIGN: Con¯uent primary cultures of mice brown adipocytes were treated with various concentrations of carotenoids. Cell morphology, total culture protein content, the DNA synthesis rate, and the levels of UCP1, retinoic acid receptor a (RARa) and retinoid X receptor a (RXRa) were analysed. RESULTS: Treatment with b-carotene, a-carotene and lutein promoted UCP1 expression in a dose-dependent manner, with an effectiveness that was related to their potency as vitamin A precursors. Cell morphology, total culture protein content at con¯uence and DNA synthesis rate were unaffected after carotenoid treatment up to 10 mM. CONCLUSION: The results indicate that carotenoids can positively affect the expression of UCP1 without altering brown adipocyte proliferation.
Introduction
The uncoupling protein thermogenin (UCP1) is an inner-membrane mitochondrial protein that functions as a proton transporter, allowing the dissipation of the proton gradient generated by the respiratory chain upon nutrient oxidation, thereby uncoupling oxidative phosphorylation and producing heat. 1Y2 The UCP1 is characteristically expressed in mature brown adipocytes, and its activity constitutes the molecular background for facultative thermogenesis in brown adipose tissue (BAT). Related uncoupling proteins (UCP2, UCP3), with a distinct pattern of tissue expression, have been recently identi®ed both in rodents and humans, 3, 4 reinforcing the potential importance of facultative thermogenesis in overall energy balance.
The ucp1 gene is mainly regulated at the transcriptional level, and it is physiologically induced by noradrenaline, acting through b3-adrenoceptors and subsequent cAMP production. 5, 6 The vitamin A derivative retinoic acid (RA) is another transcriptional activator of the ucp1 gene of likely physiological signi®cance, since it induces UCP1 expression not only in cultured brown adipocytes 7±9 but also in the BAT of intact mice 9 and, in addition, we have found indications that the retinoid pathway of UCP1 induction could be autoregulated 10 and that the vitamin A status of rodents can affect their BAT thermogenic capacity. 11 The effects of RA on brown adipocytes appear to be mediated by heterodimers of retinoic acid receptors (RAR) and retinoid X receptors (RXR), 8, 10, 12 as in other cell types, 13 and the nucleotide sequence conferring RA responsiveness to the ucp1 gene has been identi®ed and characterized as a novel complex RA response element. 12, 14 RA is the vitamin A form active in gene regulation. In mammals, the only route to vitamin A is via carotenoid cleavage. b-carotene, in particular, is an important precursor of RA and its metabolism is the best known among carotenoids. Central cleavage of the b-carotene molecule yields two molecules of retinal which may either be reduced to retinol or further oxidized to RA; as an alternative pathway, noncentral cleavage yields one molecule of b-apocarotenal which can also be converted to RA, with or without the involvement of intermediate retinal. 15, 16 The main site of carotenoid metabolism is the intestinal mucosa, but peripheral tissues such as the lung, kidney, liver and fat of several mammals, including humans and rodents, can also convert b-carotene to RA. 15, 17 Liver and adipose tissue are the main sites of carotenoid deposition. 15 With this background, we decided to address the question as to whether carotenoids naturally occurring in food could display thermogenic properties, initially by investigating their effect on brown adipocyte cell differentiation and proliferation in primary culture.
Materials and methods

Materials
b-carotene, a-carotene, lutein, ( AE )-arterenol bitartrate salt (noradrenaline) and all-trans retinoic acid (tRA) were obtained from Sigma (Madrid, Spain). Capsanthin, capsorubin and canthaxanthin were puri®ed from powder paprika by thin layer chromatography, following the procedures in references 18 and 19. Newborn calf serum (NCS) and Dulbecco's modi®ed Eagle's medium (DMEM) were from ICN (Barcelona, Spain). Other cell culture reagents were supplied by Sigma (Madrid, Spain), and routine chemicals used were from Merck (Barcelona, Spain) and Panreac (Barcelona, Spain). Stock solutions of carotenoids were prepared in ethanol daily; concentration was calculated from the actual absorbance of each solution at an appropriate absorption maximum (450 nm for bcarotene, 444 nm for a-carotene, 445 nm for lutein) and the speci®c absorbance coef®cient (A % , the absorbance of a solution of 1 g of solute in 100 ml of solution) at that wavelength of the corresponding carotenoid dissolved in ethanol, according to reference 19.
Primary cell culture
BAT precursor cells were isolated from combined cervical, axillar and interscapular brown fat depots of 4-week-old male NMRI mice (from Letica, Barcelona, Spain), as earlier described. 20, 21 Precursor cells were suspended in culture medium (cells from 1 mouse in 0.5 ml), pooled and inoculated in 6-well multidish plates (0.2 ml of pooled ®nal cell suspension per well containing 1.8 ml of culture medium). The culture medium consisted of DMEM supplemented with 10% NCS, 4 nM insulin, 10 mM HEPES, 50 units of penicillin/ml, 50 mg of streptomycin/ml and 25 mg of sodium ascorbate/ml. Cells were grown at 37 C in an atmosphere of 8% CO 2 in air. The culture medium was changed on the ®rst and the third day after inoculation. Cells were treated with carotenoids, noradrenaline or tRA at the times and doses indicated in the ®gure legends, after changing the culture medium; control cells were processed in parallel and received the same volume of solvent. Carotenoid concentrations above 10 mM were not systematically included in the study because of their limited solubility in water; in addition, in preliminary trials, 100 mM b-carotene was found to cause the cells to detach from the plastic surface, therefore leading to very low protein recoveries per well. For harvesting, culture medium was removed and the cells were rinsed twice with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl and 10 mM phosphate buffer, pH 7.4) and then scraped into 1.5 ml of PBS with a rubber policeman and transferred to an Eppendorf tube. The cell suspension were pelleted, resuspended in a minimal volume of PBS containing 0.2 mM phenylmethylsulfonyl uoride and stored at 720 C prior to sonication and analysis.
Cell proliferation assay
Cell proliferation was measured using the 5-bromo-2 Hdeoxy-uridine (BrdU) labeling and detection kit from Boehringer Mannheim Biochemica, based on the cell ELISA principle, following the manufacturer's instructions. Primary brown preadipocytes were cultured as described above but in a 96-well microtiter plate. The culture medium was changed on days 1, 3 and 6 after inoculation. b-carotene or tRA at various concentrations was added on days 3 and 6. BrdU (10 mM) was added on day 6, and the cells were further incubated for 24 h. Following this, the cells were rinsed with PBS containing 10% fetal calf serum, ®xed in situ with ethanol/HCl and incubated with 0.5 mM nucleases to partially digest the DNA so as to improve the accessibility of the antibodies to BrdU. Incorporated BrdU was detected with a monoclonal anti-BrdU-POD antibody, Fab fragments, and the bound conjugate was visualized with the soluble chromogenic substrate 2,2 H -amino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) and measured using an ELISA reader.
Parameters determined
Protein was determined by the method of Bradford. 22 UCP1, RARa and RXRa levels were analysed by immunoblotting. Fractionation of whole cell lysate proteins by SDS-PAGE was according to Laemmli, 23 in 10% polyacrylamide gels. Independent gels were run for UCP1 detection (30 mg protein per lane) and for RARa and RXRa detection (100 mg protein per lane); RARa was detected following stripping of the RXRa-stained blot. Electrotransfer and blocking of the blots was as described. 24 For UCP1 detection, rabbit polyclonal antiserum raised against puri®ed rat UCP1 obtained in our laboratory was used as primary antibody; its speci®city for BAT UCP1 (thermogenin) was con®rmed by immunoblotting of BAT homogenate proteins, non-BAT homogenate proteins and puri®ed thermogenin. 24 For RARa and RXRa detection, rabbit polyclonal antisera raised against cDNAdeduced synthetic peptides contained in mouse RARa1 (F region) and RXRa (A region), provided by the IGBMC (Illkirch, France), were used; these antibodies were previously shown to be speci®c for at least two species of RARa (of $ 58-and $ 54-kDa) and for a single species of RXRa ( $ 54 kDa), 10, 25, 26 The ®nal colour development was either with an alkaline phosphatase-conjugated substrate kit (Bio Rad, Madrid, Spain) or with an enhanced chemiluminiscence kit (Amersham, Buckinghamshire, UK). For quantitative analysis, membranes or ®lms (Kodak XOmat) were scanned with a BioImage computing densitometer (Millipore, Bedford, USA).
Results
Carotenoid treatment up to 10 mM ®nal concentration had no effect on primary brown adipocyte cell proliferation Treatment of brown adipocytes in primary culture with a-carotene, b-carotene or lutein up to 10 mM ®nal concentration for a period of 48 h before harvesting (from day 6 to day 8 of culture) had no apparent effect on cell morphology and did not affect the total culture protein content nor the DNA synthesis rate measured as BrdU incorporation into cellular DNA (not shown). This is in contrast with previous results of our group demonstrating an inhibitory effect of 10 mM tRA, when used under identical conditions, on brown adipocyte cell proliferation as indicated by a reduction of both the culture protein content and the DNA synthesis rate, 9 which have been reproduced here (not shown).
Treatment with b-carotene, a-carotene and lutein induced the expression of UCP1 in con¯uent primary brown adipocytes
The representative immunoblots in Figure 1 show the speci®c UCP1 levels of non-stimulated control cultures and of cultures stimulated with either 10 mM noradrenaline, 10 mM tRA or different concentrations of b-carotene, a-carotene and lutein. In these experiments, a single dose of the agents was added at con¯uence (day 6 after plating) and the cells were harvested 48 h later. The three carotenoids stimulated UCP1 expression over the non-stimulated control level, and their effect was consistent and dose-dependent (Figure 2) . b-carotene was the most effective of the carotenoids tested in inducing UCP1 expression; at 10 mM concentration, its effect was similar to that triggered by 10 mM noradrenaline and somewhat lower than that triggered by 10 mM tRA. Other carotenoids tested (capsanthin, capsorubin and canthaxanthin) had no signi®cant effect on the UCP1 levels when assayed under the same conditions. 
Effects of carotenoids on UCP1 expression
F Serra et al 54 kDa-RARa isoform levels, in accordance with previous results. 10 b-carotene, on the other hand, triggered a decrease of the 54 kDa-RARa isoform levels only at the highest concentration tested (10 mM), and had no effect on the RXRa levels. The levels of the higher RARa isoform (58 kDa) were not affected by any of the two agents (not shown).
Discussion
In this work we show that certain carotenoids stimulate UCP1 expression in primary cultures of brown adipocytes in a dose-dependent manner. The effect of carotenoids could be due to their conversion to vitamin A and RA, which is known to behave as a transcriptional activator of the ucp1 gene 7±9 . Some of our results and data from the literature are in agreement with this idea. Therefore, the effectiveness of carotenoids as UCP1 induces (b-carotene b a-carotene b lutein) qualitatively matched their potency as vitamin A precursors, 27, 28 and it is known that several extra-intestinal tissues of mammals, including fat, are able to convert b-carotene into RA. 15, 17 Indeed, it has been suggested that the signi®cance of this local tissue conversion may be high considering the unstable nature of RA, which cannot be stored and displays a very rapid metabolic clearance from body¯uids. 15 In addition, both b-carotene and RA triggered an upregulation of the UCP1 levels and a downregulation of the RARa levels, and b-carotene was about 10-fold less active than RA in both effects; those are the kind of results to be expected if conversion to RA is a rate limiting step in the b-carotene effect. The possibility exists, however, that carotenoids have effects on brown adipocytes independent from RA. This is suggested by the fact that neither BrdU incorporation into cellular DNA nor the total protein content of the cultures were affected by 10 mM b-carotene but were reduced by 10 mM RA, and especially by the lack of effect of b-carotene on the RXRa levels as compared with RA. While the former result could simply re¯ect the fact that the actual intracellular concentration of the active species is higher in the cells treated with RA than in those treated with b-carotene, the later result, when considered together with other results presented here, strongly argues against the idea that all the effects of b-carotene are mediated by its conversion to RA. If this were the case, since bcarotene is 10-fold less active than RA in affecting UCP1 and RARa expression, it would also be 10-fold less active in affecting RXRa expression, and a downregulation of the RXRa levels after treatment with Effects of carotenoids on UCP1 expression F Serra et al 10 mM b-carotene would have been found. We were unable to detect any effect of 10 mM b-carotene on the RXRa levels. Therefore, RA-independent effects of carotenoids either as intact molecules or as metabolic products different from RA on brown adipocytes should be considered.
Our results raise interest in the possibility that dietary carotenoids may affect BAT thermogenesis and body weight of intact animals, an issue that deserves further investigation. Interestingly, the conversion of b-carotene to vitamin A seems to be selflimiting, so that high intakes of carotene usually do not lead to the toxic effects of high intakes of vitamin A. 29 It should be noted, however, that the extent of conversion of carotenoids to retinoids in vivo is highly species-dependent and that little is known about its regulation. 15, 16, 29 
Conclusion
To our knowledge, this is the ®rst evidence of a direct effect of carotenoids in promoting UCP1 expression, and therefore in increasing the thermogenic capacity of brown adipocytes. The present results strengthen the idea that retinoid regulation of the ucp1 gene may be of physiological relevance, by showing that brown adipocytes respond to naturally occurring carotenoids.
